A two-dimensional simplified model of an HF chemical laser is introduced. Using an implicit finite difference scheme, the solution of two adjacent parallel streams with diffusion mixing and chemical reaction is generated. A contour of the mixing and reaction boundary is obtained without presupposition. The distribution of the HF(u) concentrations, gas temperature and the optical small signal gain (a vJ ) on the flowing plane (X, Y) are presented. Compared with the solution solved directly from a set of Navier-Stokes equations, the results of these two methods agree with each other qualitatively. The influences of the different velocity, temperature (T o ) and composition of the two streams on the small signal gain after the nozzle exit are investigated. It is interesting that for larger J with a fixed v, the peaks of a vj -T o profiles move towards higher T o . The computing method is simple and only a short computing time is needed.
Introduction
It is known that, there are many chemical and physical processes, such as supersonic flow mixing, chemical pumping reactions, collisional relaxation as well as stimulated emission and absorption of light etc., taking place in the optical cavity of a chemical laser, and the mixing process is the slowest. It is necessary to study the mixing process to improve on the performance of a chemical laser.
Several theoretical works on the CW HF chemical laser have been published to date. One of the earlier typical models is the flame-sheet-mixing model developed by Mirels (1976) . In this model, a flame-sheet-shape in the reaction region is assumed. The two-dimensional flow is divided into several stream tubes parallel to the flow direction. In each stream tube, one-dimensional flow with chemical reaction is assumed. The diffusion process across the stream tubes is ignored. The two-dimensional result is obtained by combining the results of these tubes at a definite X position. Of course, this model is incomplete, especially for a diffusion type chemical laser. The second typical model is due to King et al. (1972) who suggested a laminar boundary layer solution involving a set of more detailed partial differential equations in a supersonic diffusion chemical laser calculation. The solution of the Navier-Stokes equations solved directly by Kothari et al. (1979) is advantageous to the resolution of such a complicated nozzle flow problem by solving a set of basic equations without any further simplification. The disadvantage of these two methods is their complexity so that the computation time is quite long. A combustion problem of two parallel combustible gas flows was considered by Marble-Adamson (1959) when they studied the mechanism of flame stability in 1954. A method of series expansion was used to generate the solution of a simple chemical reaction. However, it is difficult to employ this method in the case of a chemical laser with many different species.
In order to facilitate this solution, an implicit finite difference scheme was used in the earlier papers Zhou et al. 1984) . In the present paper, the distribution of the species concentration and the small signal gain in the X, Y plane of the lasing zone is calculated and the result is compared to the solution solved directly from the Navier-Stokes equations (Kothari et al. 1979) .
Model and equations
Consider a mixing process of two parallel supersonic streams as shown in figure 1. One stream contains F and He and the other, H 2 and He. The chemical reaction takes place and the vibrational excited states HF(t>) are created in the mixing zone downstream from the nozzle exit. Only two adjacent nozzles are considered here. The characteristic of the multi-nozzles in the real chemical laser is simply assumed to be the combination of the pairs of these two nozzles with proper heights.
The chemical reactions taking place in the mixing zone are:
(1) chemical pumping reactions (Mirels 1976; Suchard et al. 1972; Chen et al. 1983) . The HF(u) species of v 3=4 is neglected. The HF molecule in each vibrational level is considered to be a separate chemical species, therefore, there are 8 independent species in this system, namely, HF(0), HF(1), HF(2), HF(3), H, H 2 , F and He. The total number of HF species is HF = Eu=o HF(u). The rate of production of each species is the summation of the rates of this species produced in the above related process. Since translational and rotational equilibrium is established within a few collisions between the collision partners, it is assumed that the HF molecule in each vibrational level is in statistical equilibrium at its local translational temperature T.
Let the F and He stream flow along the X direction in the upper half plane, while the H 2 and He stream flows in the lower plane and the mixing process starts at the origin as shown in figure 1 . The parameters perpendicular to the X-Y plane are assumed to be invariable, so that, this is a two-dimensional problem. Because the gas velocity along the X axis is much larger than that along the Y axis and the gradients of velocity, composition and temperature inside the streams along the X axis are much less than that along the Y axis, the constant pressure viscous flow conservation equations can be expressed as the following Prandtl laminar boundary layer equations:
where n, 3) and A are the viscosity, diffusion and thermal conduction coefficients; H o , p, u, v and M denote the total enthalpy, density, A'-wise and Y-wise gas velocity and molecular weight of the mixing gas and h h Y h M, and w, are the heat of formation, mass fraction, molecular weight and chemical reaction rate of the ith species respectively. The dpldx term is omitted in the momentum equation. This approximation is commonly used in the study of the plane plate boundary layer equation calculation (King et al. 1972; Williams 1964; Pai 1954) . The boundary conditions are:
Assume p . fi = constant and transform the independent variables X, Y into §, rj, then the similarity solution for (1) and (2) is
where /(rj) must satisfy the Blasius equation:
Jo h The corresponding boundary conditions are:
If the chemical reaction in the mixing zone does not take place, i.e. w = 0, then (3) and (4) are similar to (2) and the solution of Yj and T will have the same form as u which is shown in (5). In the case of the chemical laser, vv^O, this similarity is no longer applied. Assume Pr = 1 and Sc = 1, then (3) and (4) can be transformed into when £ = 0, there is an analytical solution for (8) f
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Under the condition of Ux = U 2 , the solution of (8) becomes where erf (r//V2) is the error function. When £=f 0, the solution can only be obtained by means of a digital computer, since no analytical solution is available.
Because the gas pressure in the mixing zone is low, the P-branch transition, rotational equilibrium and Doppler line broadening are assumed. The optical small signal gain coefficient at the line center at any {X, Y) point can be expressed as ( Thoenes et al. 1974 The values of the coefficients and the constants in the above equations are given in tables 1 and 2.
Numerical solution
An implicit difference scheme has been developed to solve the governing equations, (8) and (9). Three point backward differences are used for § axial derivatives and three point centered differences are used for ry axial derivatives in the program as shown in figures 2a and 2b, i.e.
where /C and L are the grid point numbers along the § and 77 axes respectively. Y K L refers to any independent variables at the grid point (K, L) and A£ and Ar/ are the grid point steps.
FIGURE 2. (a) Two point backward implicit difference scheme, (b) Three point backward implicit difference scheme.
Substituting these expressions into (8) and (9), after some mathematical simplifications, yields the following set of algebraic equations:
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For each run, the computation time on a FELIX-512 computer is 10 to 15 minutes. The ranges of the grid point step length are A£ = (01-0-4) x 10~1 0 and AJJ = 0-1.
Results and analysis
There are 17 initial conditions at the nozzle exit listed in table 3 for this study. The computational results are shown in figures 3 to 14.
The distributions of HF(u) population density and gas temperature along % and rj axes
The chemical reaction takes place as soon as the mixing begins. When § is small and the velocities of both streams are equal, the peaks of the YHF(U)> T, a vJ profiles are almost located at the interface of these streams. Because H 2 molecules have a larger thermal velocity, they diffuse toward the F-stream more quickly and react with the F atoms to produce HF(u), so that, as § increases, the peaks of the V HF(u) and T profiles move towards the F-stream (region 1) as shown in figures 3 to 6. The dimensionless variables L = TJ/AT/ and K = |/A|f are the numbers of the grid point along r] and § axes respectively. It is believed that when U x =f U 2 , the Y-wise velocity in the faster stream is much higher, the peaks of the Y HF(u) and T profiles will be expected to lean towards the slower stream (Kothari et al. 1979) . (2) is always larger than that of HF(1) due to the fact that the rate coefficient k 2 is always three times larger than k u so that, the total population inversion between HF(2) and HF(1) takes place and a high small signal gain is obtained. Since the concentration difference between HF(u + 1) and HF(u) does not always increase as £ increases, the a vj - § profiles are expected to have the maximum value regions as shown in figures 8 to 10. 
where r\ e is the largest value of r\. In this paper, since the implicit difference scheme is used, it is convenient to define the averaged gain as
instead of (16) Because the rate coefficients of the coilisional relaxation processes are proportional to the vibrational quantum number v, and the rate coefficient of the chemical pumping process k 2 is greater than k 3 , the population density of HF (2) is the largest and that of HF (3) is the smallest, generally speaking. We can see, from figure 8, the a vj curves of v = 2 to u = l increase and reach their maximum values at # = 100, while the a vj curves of v = 1 to v = 0 are still increasing. For the transition of v = 3 to v = 2, the values of a vJ of the transition / = 2 to 1 and / = 3 to 2 disappear and only those of / = 4 t o 3 , / = 5 t o 4 and / = 6 to 5 can be seen in figure 10 . This is also true in figures 6 and 7. It is concluded that, in our calculation, the total population inversion between HF(3) and HF(2) does not exist and the existence of a vj is due to the local population inversion between the rotational levels only. 
The influence of the initial conditions on the average gain
The effect of the incoming gas velocity on ~a^j is investigated using the initial conditions 1, 2 and 3 of table 3. Figure 12 shows the profiles of o^ with respect to the initial gas velocity. a vJ decreases as the gas velocity increases. This is due to the facts of incomplete mixing, incomplete reaction between H 2 and F and insufficient development of gas temperature. The peaks of different a vj profiles are not located in the same T o region. It is interesting to find that for the same v, the peak of the higher / is located at the higher T o . For example, the peaks of ~a^[ and o^ are located at 170 and 180°K whereas the peaks of cF^ and W[~5, are at 210 and 230°K respectively as shown in figure 13 . Figure 14 indicates the influence of the gas initial composition on the average gain. Each curve is calculated from the initial conditions 1 and 12 to 17 of table 3. It is shown that there is an optimum gain corresponding to an optimum gas initial composition, but the effect is less significant than the a^y -T o curve.
Conclusions
Using the method described in this paper, a contour of the mixing boundary separating the regions with and without chemical reactions is obtained from the calculation of the two-dimensional diffusion HF chemical laser without using any previous assumptions of mixing length or flame-sheet-shape. The profiles of Y vJ , T and a v j with respect to £ and r\ as well as the effects of the initial condition on the average gain are investigated. It is shown that too high an incoming gas velocity is not good and an optimum initial gas temperature and composition exist. These concepts are helpful for scientists and engineers working in the field of chemical lasers. The results in this paper are in agreement with those calculated from the Navier-Stokes equations, though the former method is simpler.
Using a FELIX C-512 computer, a short computation time of 10 to 15 minutes is needed for each run. It is recommended when a numerical experimental analysis of a chemical laser is necessary.
The author also believes that this method can be used in fluid dynamics problems with chemical reactions and optical oscillations.
